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INTRODUCTION 
This paper provides a brief summary of one aspect of a CEC project funded under 
the Brite-Euram programme. The aim of the project was to investigate the possibility 
of finding a non-destructive technique based on ultrasonic measurements to detect and 
characterize damage in aluminum matrix particle-reinforced composites which may 
negatively influence their fitness for use. There was an emphasis on detecting fatigue -
induced damage prior to crack formation. 
There is a continuing search for materials with high strength and temperature 
stability which have a low weight. Silicon particle-reinforced aluminum has an 
increased stiffness, and a decreased ductility, while the reinforcement has only a small 
effect on the strength of the material. However initial fatigue tests revealed sudden 
failure effects, indicating the need for an in-service inspection technique if the material 
is to be used in the aviation industry, for example. In order to attempt to identify a 
suitable test technique a five-nation project was set up. The project was led and 
coordinated by Billiton (Shell) Research at Arnhem in the Netherlands. In addition to 
manufacturing the specimens used, they were responsible for measurements of 
ultrasonic velocity, attenuation and scattering. The Materials department of the 
Catholic University at Leuven in Belgium carried out the metallographic 
microstructural characterisation of extruded and fatigued samples. The cyclic loading 
tests were also monitored by measurements of acoustic emission and stiffness 
degradation. Biosonics SARL, of Farinars, France were responsible for 
microstructural characterisation using C-Scan and 20-300 MHz scanning acoustic 
microscope techniques, while measurement of the acousto-elastic constants, the thermo-
elastic constants, acoustic microscopy and scattering were performed at the Fraunhofer 
Institute for NDT in Saarbrucken, Germany. 
The role of the present authors' laboratory was to underpin the experimental work 
with an extensive basis of computational modelling. A summary of the whole project 
Review of Progress in Quantitative Nondestructive Evaluation, Vol. 14 
Edited by D.O. Thompson and D.E. Chimenti, Plenum Press, New York, 1995 1359 
is in press [1] and it is the computational modelling aspects of it that are summarised in 
the present paper. 
STRATEGY OF MODELLING 
The aim of this work was to develop computational models of different types of 
ultrasonic wave propagation in particulate composites with various types and grades of 
damage. The purposes of such modelling, which was carried out in parallel and 
interactively with the experimental investigations were fourfold: 
i) The characterization ultrasonically, of unfatigued specimens (achieved by 
comparison with experimental results). 
ii) To attempt to link observed damage to the ultrasonic measurements. 
iii) To guide the experiments in (inter alia) defining the sensitivity of the 
measurement technique that would be needed to detect a given level of a 
particular type of damage, to identify the frequency range to use, and the 
optimal ultrasonic parameter or combination of parameters to measure. 
iv) Subsequently to be able to estimate the possibility of detecting particular 
types of defect in a given thickness of specimen or depth of material. 
The primary assumption was made that the fatigue damage most commonly 
initiates near boundaries - either the specimen boundaries or the surfaces of the 
particles themselves. After defining the basic approach for propagation in undamaged 
material and its verification experimentally specific models were developed to include 
the effects of different types of imperfections. Generally speaking the actual levels of 
imperfections existing within a particular specimen are a priori unknown and it is 
therefore necessary to postulate some (reasonable) levels of imperfections to calculate 
the magnitude of the effects that may be observed on the measured ultrasonic 
parameters. In spite of the introduction of arbitrary levels of imperfections the 
modelling process permits the relative sensitivity and the order of magnitude of the 
influence of different types of imperfections to be determined. Furthermore - whenever 
independent methods for determining imperfection levels become available, the models 
established can be used with full benefit. 
Five types of imperfections were considered:- localised stress regions, porosity, 
increased dislocation density, particle debonding and microcracks; and, for each, three 
locations: distributed through the matrix, concentrated in a shell around each particle, 
or concentrated at the surface of the specimen. 
BASE MODEL - UNFATIGUED MATERIAL 
The material of interest consisted of silicon carbide particles in an aluminum 
matrix, with weight concentrations up to 20%. Calculations were generally performed 
at frequencies up to 200 MHz. The particle size distribution was measured 
conventionally and found to approximate a log normal distribution. If the mean particle 
size is used in the modelling, the velocity dispersion and attenuation both tend to be 
underestimated. However the results obtained using the exact log normal particle size 
distribution in the calculations can be closely reproduced if a single particle size is used 
corresponding to the average particle volume. (The attenuation agrees within 3 % and 
the velocity within 0.05%). For the calculations here it was assumed that the particles 
were spherical with a diameter of 10 /lm. 
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Choice of Theoretical Models 
While there are a number of theoretical scattering models in the literature which 
could be used for predicting the ultrasonic properties of particulate composites. Many 
are unsuitable for the present purposes either because they are restricted to the low 
frequency limit, do not include thermal effects or are cast in a form which makes it too 
difficult to include the effects of imperfections. 
Comparisons with experimental data on velocity and attenuation (longitudinal and 
shear) were made with the simple Foldy model [2], the multiple scattering model of 
Waterman and Truell [3], the self-consistent model of Sabina and Willis [4], the model 
of Kerr [5], the self-consistent Foldy equation, and the incremental approach. These 
and other models are discussed in more detail elsewhere [6]. Figure 1, as an example, 
shows the shear velocity at 10 MHz for different models together with the range of 
experimental data. It is clear that the models do not give greatly differing results for 
the velocity (although there is a slight tendency to overestimate the longitudinal 
velocity). The results are similar for the attenuations, which are controlled largely by 
the particle size used. For subsequent calculations, the simple Foldy model was used 
since it can include thermal effects and, furthermore, can readily be modified to include 
the effect of surrounding the particle by a shell of different material (due to localised 
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Figure 1: Shear velocity at 10 MHz as a function of concentration. 
• • experimental data range, --- Foldy and incremental models, 
W - Waterman and Truell [3], K - Kerr [5], 
FA - Foldy self-consistent models 
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Figure 2: Longitudinal attenuation of a 20% wt SiC in Al composite. 
- all losses included, --- no thermal losses, -OJ scattering losses only 
Thermal Loss Contribution 
Thermal effects as a contribution to ultrasonic propagation loss were first 
calculated by Epstein and Carhart [8] for emulsions. This was extended to solid-liquid 
suspensions by a number of authors including Hay and Burling [9], but only recently 
[10] has the possible significance of such effects been identified for solid-solid systems. 
For the present system thermal effects are only important at low frequencies. For a 
20% by weight material, the effect of thermal mismatch on velocity is small (causing a 
reduction of 0.1 % at frequencies below 1 MHz). However at 5 MHz some 60% of the 
attenuation is due to thermal effects. As the frequency increases, the thermal 
contribution reduces as the scattering mechanism takes over, with the former providing 
only 10% of the loss at 50 MHz (Figure 2). 
MODELS OF IMPERFECTIONS 
Residual Stress 
The difference in thermal expansion coefficients of the two components in metal 
matrix composites often causes them to have significant residual stresses, which will 
produce changes in the ultrasonic velocities via the acoustoelastic effect. Calculations 
were performed to determine the effect of assuming that each particle was surrounded 
by a shell of ultrasonic properties differing from those of the undisturbed matrix due to 
localised compressive stress. Taking a shell of 1.3 times the particle radius and a 
compressive residual stress of 300 MPa gave values of velocity and attenuation 
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differing by no more than 0.2% of those obtained by averaging the excess stress 
through the whole matrix. 
Matrix Porosity 
Microvoids are the simplest of the types of pre-cracking composite damage to 
model, and can be approached either by calculating the ultrasonic properties of the 
porous matrix and using this for the scattering calculations needed in the Foldy model, 
or by performing the Foldy analysis for the original matrix with two types of scatterers 
- the voids and the particles. The results obtained for the appropriate concentrations of 
the respective scatterers used are indistinguishable. The content of the voids, i.e. 
whether they are modelled as being vacuous or as containing air has a small effect. 
For a 1 % suspension of 1 J.'m voids the velocity is lower by 1 % if they are air-filled, 
and the attenuation higher by 1 % . These effects are due mainly to the effect of the 
thermal wave in the gas-filled pore. 
Calculations are made for a 20% weight composite and IJ.'m diameter pores. The 
matrix porosity reduces the longitudinal velocity linearly with increasing pore 
concentration, reaching a 0.8% change for 1 % porosity. The percentage effect on the 
shear wave velocity is about half of this. Both of these effects are only weakly 
dependent on frequency up to 200 MHz. The effect on the attenuations (shear and 
longitudinal) of a 1 % porosity is an increase of about 1 % . This would be difficult to 
detect, given the difficulty of making accurate attenuation measurements. 
It might be expected that backscattering would be influenced by the presence of 
pores. The relative increase in longitudinal backscattering increases rapidly with 
frequency but reaches only 0.06% at 200 MHz for a 1 % microvoid concentration. The 
effect on shear wave backscattering reaches 1.3% at 200 MHz. Given the intrinsic 
heterogeneity of the composite, it is unlikely that these changes could be detected in the 
existing particulate scattering. 
Particle Debonding 
Debonding of the reinforcements is often considered as a mechanism whereby the 
localised weakness it causes can be escalated into damage following cyclic fatigue. 
Total debonding is an extreme situation - a partial slip model may, for example, be 
more appropriate, as has been suggested for fibrous reinforcements [11]. The concept 
of slip is harder to define for the rather granular shapes the SiC particles tend to have, 
rougher parts of which may create their own associated localised disturbances. 
However for regularly shaped particles, the air gap does not have to be very big before 
the debonded particle looks like a void of the same radius of the particle [12]. This 
can therefore be regarded as an extreme condition for modelling which will identify the 
upper bounds on the magnitude of the effects expected. In a 20% composite, if 5% of 
the particles are debonded, the longitudinal velocity decreases by almost 1.5%, while 
the attenuation and backscattering both increase by about 20%. These last may be 
detectable experimentally. 
An interesting effect is observed if the imperfection is considered to consist of a 
shell containing microvoids surrounding each particle. For a zone extending to 1.1 
particle radii with a 10 % concentration of 1 J.'m microvoids the longitudinal velocity, 
attenuation and the backscattering all decrease (by approximately 1 %, 10% and 20% 
respectively). The reduction in the last two is counter to immediate expectations. It 
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appears, though, that the intrinsic scattering and attenuation of the microvoids (at least 
up to 200 MHz) is negligible compared to those of the particles), while the presence of 
the microvoids creates a region of low velocity which together with the particle forms a 
composite particle with average properties closer to those of the matrix than the 
original particle. 
Microcrack Formation 
Equations relating longitudinal and shear velocity to the presence of microcracks 
have been given by Piau [13]. The cracks are assumed coin shaped with a diameter 
small compared to the wavelength. If the microcracks are aligned perpendicular to the 
wave propagation direction equal numbers of microcracks and microvoids appear to 
affect the velocities to the same degree. Other orientations (including random) of the 
microcracks reduces the level of the effect. 
Dislocation Generation 
The model for relating changes in ultrasonic propagation properties due to the 
presence of dislocations is that of Granato and Lucke [14], which involves primarily 
the effective dislocation loop length and the dislocation density. Above a certain 
threshold density, dislocation - dislocation pinning causes the two parameters to be 
related: as the density, D, increases, the loop length, L, decreases, being related by: 
L = BD-'h. 
B is a constant for a particular dislocation network and determines how strongly 
the ultrasonic velocity is influenced by dislocation generation. The threshold 
dislocation density is determined by the separation of dislocation pinning points in the 
matrix - arbitrarily set to 2jlmfocthe present calculations. The velocity rapidly 
becomes insensitive to increases in the dislocation density, saturating at a percentage 
change of just over 0.6% for B = 1.5 (being just under 0.3% for B = 1.0). If there is 
a high preexistent dislocation density in the matrix, then the effect of additional 
dislocations caused by damage will only be detectable if the form of the dislocation 
network (and thus B) is changed. 
The effect on the attenuation of dislocations can be dramatic - causing an increase 
of up to a factor of four at 50 MHz. For a fixed value of B the attenuation increases 
with increasing dislocation density only until the average loop length is equal to that 
due to self-pinning, thereafter the loop length follows the equation given above and the 
attenuation decreases (Figure 3). The sharp peak in Figure 3 results from using a 
single value for the pinning point separation. In reality there are a range of values and 
the peak is smoothed. The backscattering is less affected, increasing only by some 5 % 
as the dislocation density increases to the self-pinning level. 
Calculations were performed with the dislocations concentrated in a thin shell 
surrounding each particle but the changes produced in the velocity of the composite are 
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Figure 3: Effect of dislocation density on the attenuation of a 20% wt SiC/AI 
composite at 50 MHz. 
SURFACE WAVE EFFECTS 
If damage caused by fatigue is concentrated at the surface - which is where cracks 
are often initiated - its presence may have a more significant effect on Rayleigh wave 
than bulk wave propagation. To model the effect of damage a modified form of the 
averaging method of Elkins et al [15] was used. At a frequency of 20 MHz the 
Rayleigh wave velocity appears to be some 10 to 20 times more sensitive to surface 
damage than the bulk velocities, and is frequency dependent. This apparent advantage 
may be eroded by the difficulties of measuring Rayleigh wave parameters, and the 
effects of surface roughness. 
ACOUSTOELASTIC CONSTANTS 
Detailed calculations were performed on strain dependent damage mechanisms, 
e.g. cracks that open under strain or dislocations breaking free from pinning points as 
strain is applied. These can provide effects of the same order as the changes in the 
acoustoelastic constants observed experimentally, but the signs of the changes are not 
always correct. 
SUMMARY 
The results reported above are selected from an extensive set of calculations and 
are illustrative only. Fuller details may be found in [16] or in the interim project 
reports. The main limitation to the value of the present modelling is the lack of 
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experimental evidence of the type and level of damage present in fatiqued specimens. 
If, in fact, cracks initiate from isolated micro-defects, it is possible that no ultrasonic 
technique may be of value in detecting pre-cracking fatigue damage in particulate 
composites. 
If, however, there is some distributed micro-damage, its effects on attenuation and 
scattering are likely to be masked by the intrinsic variations produced by the particles. 
Velocity techniques would appear to be more promising using either bulk or surface 
waves. 
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